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OF FOUR DESIGHS OF TURBINE BLKOES AmD OF THE EPFECT 

PRODUCED BY VARYING THE AXIAL SPACING BETIEZN 

NO- BLADES AND TURBINE BLADES 

BY W. C. Morgan and C. R. Worse 

An experimental investigation was made t o  determine the effect  of 
v&rying the  spacing between the nozzle blades and the turbine blades on 
turbine-blade  vibration for.four turbine-blade  designs of different 
degrees of st iffness.  The turbojet engine  used i n  the  investigation was 
operated at three  conditions of nozzle-blade-to-turbine-blade  spacing. 

In general,  there was a tendency toward increase i n  occurrence of 

LI 

* vibration  with  decrease i n  spacing. The effect  was most evident i n   t h e  
caee of the  turbine  blades that had greater stiffness.  Vibration in the 
lower-frequency modes was almost negligible f o r  these blades a t  the con- 
dit ion of maxim spacing; when the spacing was decreased, the occurrence 
of lower-frequency mode vibrations  increased  to a considerable  degree- 

IXIXODUCTION 

Failure of turbine blades moses se r ious   l i d t a t ion  on the 88rviCe 
l i fe  of turbojet engines, Ebnd it is of prime importance that the causes 
of turbine-blade  failure  be determined. Previous  research  into  the 
mechanism of turbine-blade failure has indicated that vibration may be 
one  of the more significant  factors that afYect the service l i f e  of 
turbine blades (references 1 t o  4).  During the  course of a recent 
investigation  (reference 4) a nuniber of turbine-blade  fractures dis- 
played definite v i s u a l  and metallurgical evidence of fatigue  failure 
attributable  to  vibration. 

c The experimental investigation  described in this  report  was con- 
ducted to determine the  effect  on turbineblade  vibration produced by - changing the  relative axial spacing between the nozzle  blades and the - 
t u b i n e  blades and t o  evaluate  the  -effect of different de&ees of 
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turbine-blade  stiffness.  Turbine-blade  vibration was observed  during 4 

engine  operation  for  three  axial  positions of the  turbine  blades  relative 
to  the  blades  of  the  nozzle diaphragm. The vibration  characteristics of 
four  turbine-blade  designs  were  determined  under  each  condttion of spac- 
ing. The individyal  turbine-blade  designs  were  essentially  similar  in Lo 

respect  to  performance  considerations,  the  principal  difference among 
these  several designs being in the  degree of inherent cantilever StiffnsSa. 

a to 
N 

The  vibration  characteristics of the  turbine  blades  were  determined 
through the  use of high-temperature  strain  gages  mounted on the  turbine 
blades.  The  data  obtained  were  used to determine  the  frequency of 
vibration  and  the  stress  in  the  location of the  strain gages. These 
data  were  collected  for  the  turbine-speed  range  from  idling  to  the  rated 

of blade vibration; no performance data were taken. 
mXLhUm. , T h e  E C O F  Of this report H&8 C O n f h e d  t o  the d8te-ti01~ 

The  high-temperature  strain  gage  and  the  instrumentation  required 
for  observation  and  recording of strain-gage signals were of the type 
described  in  references 5 and 6. Some recent  improvements  on  the' 
high-temperature  strain  gage  and momications of the  turbine  are  dis- 
cussed in the following paragraphs. 

Description of engine. - A representation of the  turbojet  engine 
used in the  investigation is s h m  in  figure 1. The  turbine  section 
consisted of a single-stage  rotor with eight  cylindrical  combustors 
mounted  symmetrically  around  the aft frame; there  were 64 equally 
spaced  stator  blades  in  the  nozzle  assembly. 

Modification  to  engine. - The  sketch shown in  figure 2 indicates 
the  modification  to  engine  camponents  made  in  order  to  provide a pas- 
sage  for  lead  wires from the  strain-gage ted-1 connection on the 
a f t  face of the  turbine  wheel  to  the  slip-ring  rotor  at  the forward end 
of the  engine.  Axial  holes  were  bored  through  the  turbine  shaft bolt ,  
the  campressor shaft, and  the  special  slip-ring  drive  shaft i n  the 
accessory  section. - 

The three  variations i n  axial  spacing  between  nozzle  blades  and 
1 

turbine  blades  were  designated  as  position 1 (1;r in.) ,  position 2 (1 in . ) ,  4 

and  position 3 (3/4 in.).  These  distances  were  measured  from  the  trail- 
ing  edge of the  nozzle  blades  to  the  forward  faces of the  turbine-blade .I 

bases.  The  changes  In  spacing  were  obtained for  positions 1 and 2 by 
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relocation of the  turbine ro to r  i n  an  axial  direction. The nozzle 
asseribly was moved aFt i n  or- t o  decrease the spacing t o  the  require- 
ment for position 3. 

L 

Description of turbine  blades. - The physical  characteristics of 
the four designs of turbine blades are  presented in   t ab l e  I. The designs 
were designated A, B, Cy and D. Desi& A and B were essentially similar ,  
with  the  exception that i n  design B the   t ra i l ing  edge had more taper. 
Design C was more massive than any of the  other designs. The design D 
blade represents a refinement of the previous three designs. Designs C 
and D were inherently stiffer than designs A and B. 

Strain-gage  instrimentation. - !Fhe data w e r e  obtained fYom high- 
temperature  resistance-wire  strain gages mounted on the turbine blades. 
The techniques of fabrication and mounting of these s t r a in  gages me 
described in references 5 and 6. A sketch of a s t r a in  g&ge pr ior   to  
mounting is  shorn i n  figure 3. 

Some advances that have resulted f r o m  recent  research in the field 
of high-temperature s t ra in  gages are described i n  reference 7. Among 
these izqprovements are  a more reliable cement for bonding the strain- 
sensitive wire t o  a turbine-blade  surface, a more rel iable   e lectr ic  
connection between the  filament and the lead  wires, and a new type of 
Kire for  the  strain-sensitive  filament. In the  investigation  reported 
herein,  the  turbine-blade  vlbration data were obtainedfrom  strain 

L-6AC precoat; Qpigley AAA No. 1925 cover ceramic; 0.001-inch diameter 
Karma filament wire; and 0.010-inch-diameter 80-percent  platinum - 
20-percent iridium tubular lead wires. 

A 

c gages composed of the following materials: National Bureau of Standards 

A photograph of an  instrumented turbine blade is  shown i n  figme 4. 
The s t r a in  gage was located near the  base on the concave side at the 
t r a i l i ng  edge. After insertion of the blade i n  the turbine rotor, the 
lead-wire  conduit w a s  secured to the  aft face of the  rotor by means of 
spot-welded straps. Two s h i l a x  straps were welded to   t he  blade base 
and the ro to r  rim t o  ensure a posit lve  electric connect2on at this 
point of the strain-gage  circuit. 

Three turbine  blades of each design were used i n  the investigation. 
A complete instal la t ion is sham i n  figure-5. The resul ts  from only 
one turbfne blade of each  design axe presented i n  t h i s  report; the  
additional  instrumented  blades w e r e  provided i n  order t o  check the 
val idi ty  of strain signals.. 

The lead  wires were secured st the terminal pla te  mounted on the 
aft face of the turbine  rotor. These terminals were connected t o  the 

b slip-ring unit shown in   f igure  6. 
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ETerimental procedure. - The procedure  consisted i n  operating the 
enginF i n  a sea-level test  stand through a speed  range from 2000 (idling) 
t o  8100 rpm (full speed). As speed was increased,  strain-gage  signal 
outputs were held under observation on oscilloscope  screens. With the 
appearance of a signal that indicated  vibration,  turbine speed was 
adjusted  unti l  the oscilloscope  trace showed maximum amplitude of 3 
vibration. All signals then were recorded on an oscillograph. These 
records were w e d  i n  computation of frequency and stress (detai ls  of the 
methc&s are given i n  reference 5). 

rr) c o -  

The foregoing  procedure was followed for each instal la t ion of the 
four turbine-blade  designs examined i n   t h e  course of the investigation. 
VLbration characteristics were determined for each  turbine-blade  design 
uudle~ the  previously  described  conditions of re la t ive spacing. 

REEizTLTS AND DISCUSSION 

The results of the investigation are presented i n  figures 7 t o  10. 
Theee c r i t i c a l  speed diagrams show the data obtained for  each of the 
four  designs of turbine  blades at the three axial locations  relative  to 
the nozzle blades. The ordinate  scale is the frequency of vibration; 
the abscissa  represents  turbine speed. Occurrence of vibration and 
magnitude of stress rauge  (double  amplitude) i n  the  location of the 
etraiu gages are indicated by appropriate symbols. Order lines 
represent  the loci of points where the frequency is  a definite  multiple 
of the turbine speed. These reported data were confirmed by the data 
obtained f m  the check bladee. 

?he ordsr lines shown, 8, 16, 64, and 128, are  those predictable 
from an analysis of the geometry af' the en@;lne. The eighth-order 
excitatian would be  produced by the combustion chambers; the eilcteenth- 
order excitatian, by the seoosd hamoxdo aP this BOUTCB. Similarly, the 
r;irty-fourbh oxxr excitation would be ascribable to  the nozzle blsdea; 
the ~eccold h a m a d o  of this eource is regresented by order lins 128. 

Design A 

The c r i t i c a l  speed diagram fo r  positions 1, 2, and 3 of turbine 
blade A (fig. 7(a) , 7(b) and 7(c),  respectively) show that there was 
an appreciable  effect on vibration 88 a result of the change i n  spacing. 
I n  position I, the  first-bending d e  was the preddnant  vibration. 
O n l y  one case was observed of excitation of the  f irst-torsional mode. 
There were several occurrences of complex-mode vibration. 

L 

The first-bending mode was susceptible  to  excitation at many orders 
of turbine speed  not predictable from an analysis of engine geometry. 
The first-torsional mode appeared near the second harmonic of the 
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L combustors. The funaamental order of the nozzle  blades  excited the more 
complex  modes. 

In  position 2, a camparatively lesser nuniber of vibrations w e r e  
observed for the first-bending mode. There was an increased tendency 
toward vibration in the f i r s t - to r s iona l  mde, but the coqplex-mode 
vibrations were not affected t o  any considerable  extent with the 
exception that one occurrence was observed of vibration at the second 
harmonic of the nozzle  blades.  Vibration in  the  first-bending mode 
appeared at close increments of speed when the turbine  blade was operated 
in  posit ion 3. There n s  an inorease In the occurence of crrmplex-m&e 
vibration  attributable t o  the fundamental order of the nozzle blades. 
Vibration was observed, also, at the second harmonic of the nozzle  blades. 
There was an absence of detectable  vibration i n  the first-torsional mode. 

For the  first-bending mode, a trend toward increase i n  stress level 
was observed wlth  decrease i n  nozzle-blade-to-turbine-blade  spacing. The 
peak s t ress  for f i rs t - tors ional  mode vibration occurred at position 2. * 

T h i s  was true, also, f o r  the cwlex-mode  vibration. These results must 
be considered only qualitative, however, because of several  factors that 
will be discussed fn  a subsequent part  of this  report  entitledFACTORS 
AF2GC'PLN.r; -ION OF STRAW-GAGE DATA. 

-7 

Design B 
- 

The c r i t i c a l  speed diagrams obtained for  this turbine blade at 
positions 1, 2, and 3 ( f ig .  8(a), 8(b), and 8 ( c ) ,  respectively)  indicate 
that the vibration  characteristics of the design B blade were generally 
similar t o  those  described i n   t h e  case of turbine blade A. In position 1, 
the  first-bending mode was excited  into  vibration at orders of turbine 
speed not attributable  directly t o  engine  configuration.  Vibration in the 
first-torsional mode occurred at only one speed, probably 88 a resul t  of 
second-harmonic  combustor excitation. 

When the  turbine  blade w a ~  operated in   posi t ion 2, the vibration 
characteristics were not a l tered  to  any considerable  extent with the 
exception that .two cases of complex-mode vibration were excited by the 
second harmonic of the nozzle blades. It will be  noted that the  design A 
turbine  blade  displayed a characteristic  nearly similar t o  that  of blade B 
after the initial spacing had been reduced t o  that of position 2. 

The design B turbine bhde  displayed less change in   vibrat ion 
characteristics with decrease i n  spacing than sny of the ocher three 
designs. The occurrence of vibration  in  position 3 was not markedly 
different from that observed i n  the case of position 2. High-frequency 

L vibration  occurred only once at the second harmonic of the nozzle  blades. 
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For  vibration  in the first-bending mode, the  stress  level  increased 
with  the  change from position 1 to  position 2. There was no  signif'icant 
difference  in  the  stress  levels  measured  at  position 2 and  position 3. 
The  peak  stress f o r  first-torsional  mode  vibration  occurred  in  position 2. 
In the  case of complex-mode  vibration,  the  peak  stress  occurred  at  the LD 
position  of  maximum  spacing. 

W 
M cu 

Design C 

The  critical  speed diagrams for the  design C turbine  blade  in 
positions 1, 2, and 3 are shown  in  figures 9(a),  9(b),  and 9(c), 
respectively.  These  figures  indicate  that the progressive  decrease  in 
spacing had a considerable  effect  on  the  vlbration  characteristics. In 
position 1, vibration was almost  absent  in  the  first-bending  mode. Only 
one  case was noted of this  mode  of  vibration  at  the  first  order  of 
excitation  attributable  to  the  conibustors. mere were  two  cases of 
vibration  in  the  first-torsional mode. The  remainder  of  the  vibrations 
were  complex  modes  ascribable  to  the  fundamental  nozzle-blade  order Of 
excitation,  wlth  one  exception of high-frequency  vibration  caused  by 

, second-harmonic  nozzle-blade  excitation. 

When the  turbine  blade was operated at position 2, the  first-bending 
mode was excited  into  vlbration by orders  rangtug  from 8 to 16, inclusive. 
This increase of first-bending mode vibration was the  principal  change 
effected by the  decrease  in  spacing from position 1 to  poeition 2. The 
response  to  excitation of the  first-torsional  and  more cqlex modes of 
vibration was not  changed  to any considerable  extent by the  decrease  in 
spacing. 

Operation  of  the  turbine blade in  position 3 was observed  to  have 
changed  the  vibration  characteriatics  in  the  first-toreionsl mode of 
vibration.  Several  occurrences of this mode were  not  'directly  attribut- 
able to  engine  configuration. In addition  to  this  change,  one  case w88 
observed  of  vibration  in a mode of a frequency  slightly higher than the 
first-torsional mode. Tbis mode of vibration  did  not occu during 
previoue  operation  of  the  design A and  design B blades or of the  design C 
blade  in  position 1 and  pqsition 2. The coruplex-mode.vibrations observed 
were similar in  nature to those  excited  at  positions 1 and 2 by the 
fundamental  and  second-harmonic  orders of the  nozzle  blades. 

" - 

In the  first-bending  mode, the highest  stress  occufied  at minimum 
spacing3 in first-torsional mode, at maximum spacing; and in the complex 
modes, also at  the  conaftion of maximum Bpacing. 

In regard  to  the  general  effect  produced in stress  level by decrease 
in  spacing,  the  trend was toward  lower  stresses  rather than toward  higher, 
RS was observed  for  designs A and B. This effect was most  marked  in  the 
initial  change  from  position 1 to position 2. 
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Design D 

The progressive  decrease i n  spacing was accompanied by changes i n  
vibration  characteristics that were similar, i n  general, t o  those 
obsemed in the  case of the  design C turbine blade. The c r i t i c a l  speed 
diagrams for p'ositiom. I, 2, and 3 are sham i n  figures u>(a), I O @ ) ,  
and 10( c) , respectively. 

In position 1, the first-bending mode of vibration was excited at 
only one speed and by the second-harmonic order of the conibmtors. The 
f i rs t - tors ional  mode was not observed t o  occur. These were the principal 
disparit ies between the vibration  characteristics of the designs C and D 
blades. Complex modes appeared as a resul t  of excitation by the f'unda- 
mental and second-harmonic orders of the nozzle  blades. 

When the  turbine  blade w a s  operated in   posi t ion 2, a considerable 
change was produced i n  the vibration characteristics. Numerous occurrences 
of first-bending mode vibration were observed, and one instance  occurred 
of vibration  in  the f i r s t - t o r s i o n a l  mode. 

In addition, a complex mode of a frequency s l ight ly  higher  than that 
of f i rs t - tors ional  mode vibration occurred at three  turbine speeds. 

harmonfc orders of  the nozzle  blades. 
* Higher-frequency complex modes were excited by the fundamental and second- 

The change produced by decreasing the spacing t o  position 3 was, t o  
some extent,  parallel t o  that observed for  the  design C turbine  blade. 
It was characterized  principally by the  increase  in  susceptibility of the 
turbine  blade t o  excitation  in  the first-torsional mode at orders of 
turbine speed not  directly'ascribable t o  engine geometry. The complex 
modes appeared as results of fundamental and second-harmonic nozzle-blade 
excitation. The first-bending m o d e  of vibration was observed t o  occur 
at many orders of turbine speed. 

For the  first-bending mode, s t ress  was highest at the condition of 
intermediate Spacing; for  the first-torsional mode, the peak s t ress  
occurred at mi- spacing. For the complex modes, peak stress occurred 
at max imum spacing. . 

The general  level of s t ress  appeared t o  decrease as the spacing was 
made progressively  less between the nozzle  blades and the  turbine blade. 
The effect  was not so marked as ' in  the  case of the design C turbine  blade. 

FACTORS AFF'ECTIHG IrmtERpRE!b!I!ION OF S!PRKN-GAGE DATA 

There axe several factors t h t  merit consideration i n  an evaluation 
of the results. Among the more i q o r t a n t  of  these factors is *the signifi- 
cance that may be attached  to  the  stress values reported. 



8 NACA  RM E51J25 

Previous  laboratory  research had established  the  fact  that the 
strain-gage  location  selected  for the purposes of the reported  investi- 
gation was optimum f o r  the detection of vibrat ion  in   the  f i rs t -bending 
and f i r s t - tors iona l .  modes. I n  the  caee of detection  of  vibration  in  the 
complex modes, the   possibi l i ty   exis ts  that the s t r a i n  gage was not i n  
o p t i m u m  location. 

Excitation of vibration at orders of turbine speed  not  ascribable 
t o  engine  configuration may be a t t r ibu ted   t o   va r i a t ions   i n  mass flow and 
differences  in   veloci ty   prof i le  around the  exit'  annulus of the  nozzle 
diaphragm. This phenomenon has been  observed i n  previous  investigations 
(references 5 t o  7 ) .  When conditions of operation were favorable toward 
first-bending mode vibration at a large number of orders of excitation, it 
was observed that there was present at a l l  times a tendency  toward low- 
amplitude v ib ra t ion   i n  this mode. I n  many cases, th i s  ty-pe of vibration 
was observed t o  occur  simultaneously  with  higher-frequency complex-mode 
vibration. 

Another factor  tha t  must be  given  attention i n  the  consideration of 
the   resu l t s  i s  the occurrence of higher-frequency  vibration at close 
increments of turbine speed, specifically,   those  vibrations  attr ibutable 
t o  fundamental nozzle-blade  excitation. The l-arge number of higher- 
frequency complex-mode vibrations were not  necessaxily  attr ibutable  to 
natural resonance; it i s  more probable that these  vibrations were induced 
by vibration  in  adjacent  turbine blades that had somewhat different  
natural frequencies. 

SUMMARY OF RESULTS 

An experimental  investigation was made t o  determine the  effect  of 
varying  the  spacing between the nozzle blades and the  turbine  blades on 
turbine-blade  vibration  for  four  turbine-blade  designs of different  
degrees of stiffness. In the following detailed summary, it was found 
convenient t o  consider  the four turbine-blade  designs  in two groups, on 
the  basis  of nearly similar characterist ics.  

Designa A and €3 

1. First-benang mode vibration  occurred a t  many orders of turbine 
speed f o r  a l l  three positions of axial  spacing between nozzle blades and 
turbine blades. The peak stress  Increased a8 the spacing was aecreased. 

2. Vibration in   t he   f i r s t - to r s iona l  mode w a s  excited at the maximum 
and intermediate conditions of spaciw,  wlth the higher stress leve l  
occurring at the  iatermediate  location.  Further  decrewe  in  spacing 
resul ted $n the  disappearance of this mode of vibration  for  the  design A 
blade. 

Lo co a -  m -  

. .  

I 

L 

.. 
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3. Complex-mode vibration  excited by the fundamental order of the 
nozzle  blades  occurred at many different  turbine speeds under a l l  con- 
ditions of spacing. The peak stress occurred at the intermedLate position 
for  the  design A blade and at the  position of maximum spacing for   the 
design 13 blade. 

4. High-frequency vibration  attributable t o  the second order of 
nozzle-blade excitation  occurred only i n  the intermediate and min4mum 
conditions of spacing. The peak stresses were higher at the intermediate 
position. 

Designs C and D 

1. mere was only one occurrence of first-bending mode vlbration 
f o r  each design of turbine  blade  in  the  position of maximum spacing. 
Decrease i n  spacing  intzoduced a large number of vibrations in first- 
bending mode. Iche highest stress occurred at minfmm spacing for blade 
design C and at  intermediate spacing f o r  blade -design D. 

L 2. The response t o  excftatiQn in first-torsional mode vibration 
increased  with  decrease i n  spacing. There was no occurrence of this 
mode at m a x i m  spacing f o r  the design D blade. 'Phe highest stress 
occurred at the maximum spacing fo r  the design C blade and at the minfmum 
spacing f o r  the design D b l d e .  

3. The occurrence of  complex-mode vibration was not affected.to any 
considerable  extent by the progressive decrease i n  spacing. Vibration 
i n  this mode occurred at many turbine speeds. 'phe highest stresses f o r  
both turbine blades were observed under the. condition of ma.xlrmlm spacing. 

4. The second order of nozzle-blade excitation caused complex-mde 
vibration of high frequency a t  every position. The stress levels decreabed 
with  decrease i n   a x i a l  spacing. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Comnittee fo r  Aeronautics 

Cleveland, Ohio 



10 NACA RM E5U25 

1. VoYSeY, R. G.: Some Vibration Problems i n  Gas Whine Engines. 
W a r  Emergency Issue No. 1 2  by Inst .  Mech. Erg. (London), 1945. 
(Reprinted i n  U.S. by A.S.M.E. ,  Jan. 1947, pp. 483-495). 

m a 
m 
N 

2. Farmer, J. Elmo, Deutsch, George C., and Sikora, Paul F.: Cyclic 
Engine T e s t  of Cast Vitallium Turbine Buckets - 11. NACA RM 37524, 
1948. 

3. Shannon, J. F.: Vibration Problems i n  Gas Turbines, Centrifugal and 
Axial Flow Compressors. R.  & M. No. 2226, British A.R.C., March, 
1945. ” 

4. Garrett, F. B., and Y&er,.C.: Relation of Engine Turbine-Blade Life 
t o  Stress-Rupture  Properties of the Alloys, Ste l l i t e  21, Hastelloy B, 
Cast 5-816, Forged S-816, X-40, Nimonic 80, Refractaloy 26, N-155, 
and  Inconel-X. NACA RM E51G13, 1951. 

5. Morgan, W. C., Hemp, R. H., and Manson, 9. S.: Vibration of ’Purbine 
Blades i n  a W b o j e t  Engine During Operation. NACA RM E7U8, 1948. 

6. Morgan, W. C., Kemp, R .  H., and Manson, S. S.: Vibration of Loosely 
Mounted Turbine  Blades During Service  Operation of a Turbojet 
Engine with Centrifugal Compressor and Straight-Flow Combustion 
Chambers. NACA FM E9107, 1949. 

7. K q ,  R.  H. , Morgan, W. C., and Manson, S. S. : Advances in High- 
Temperature Strain Gages and Their Application to  the Measurement 
of Vibratory  Stresses i n  Hollow Turbine Blades During  Engine 
Operation. Proc. SOC. Experimental Stress Analysis, vol. VIII, 
110. 2, 1951, p ~ .  209-228. 



. TABLE I - PHysrcAL CHARACTERISTICS OF FOUR DESIGNS 

weight (grams) 

Chord  tip (in. ) 

Chord  base  (in. ) 

Maximum thickness t i p  (in.) 

Maximum thickness at base (in.) 

M i n i m  thickness at t i p  (in.) 

Minimum thickness at base (in.) 

Total length (in.) 

Weight of blade  less root (grams) 

T 
A 

230.3 

1.720 

1.767 

.113 

.321 

.024 

,040 

4.418 

L40.3 

Design 
B c 

226.4  292.5 

1.636 

4.379 4.360 

.085 .OW 

.OS .040 

.340 .521 

.213 .I16 

1.925 1.788 

1.763 

136.4 202.5 

‘ D  
275.3 

1.662 

1.900 

.081 

.347 

.052 

.095 

4.342 

185.3 





,-Slipring unit 

. . . . . . . . 

I 1 

. . . . . . . . . 

2365 
I 

I' 
0 
I I 

178c8 
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Figure 4. - Instrumented turbFne blade installed in turbine wheel. 
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Fignre 5. - Complete installation of three Fnetnnented blades. 
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'purbine speed, rpm 

(b) Position 2 (1-in. spacing). 

Figure 7 .  - Continued. Critical-speed diagram of vibration in design A 
turbine  blade. 

I 
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- 

Turbine  speed, r p m  

(c) Position 3 (3/4-in. s p a c ~ n g ) .  

Figure 7. - Concluded. Critical-speed diagram of vibration  ' in desiep A 
turbine blade. 
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2 
Turbine speed, r p m  

(a)  Position 1 (1rin. spacing). 1 

Critical-speed diagram of vibration in  aesign B twbine blade. 

6 
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(b) Position 2 (1-in. spscing). 

Figure 8. - Continued. Critical-speed diagramgf vibration in design B 
turbine blade. - 
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speed, rpm 

(c) Position 3 ( 3 / 4 - ~ .  spacing). 

Figure 8. - Concluded. Critical-speed diagram of vibration In design B 
turbine blade. 

. 



NACA RM E5U25 - 23 

Figure 9. - Critical-speed  diagram of vibration in design C turbine blade. 
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Turbine  speed, r p m  

(b)   Pos i t ion  2 (1-fn. spacing). 

Figure  9. - Continued.  Critical-speed diagram of v ibra t ion  in design C 
turbine  blade.  - . 
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Turbine speed, r p m  

(c) Position 3 ( 3 / 4 - a .  spacing). 

Figure 9. - Concluded.  Critical-speed diagram of vibration in desi=  C 
turbine blade. 
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Turbine  speed, r p m  

(a) Position 1 ( l z - in .  . spacing). 1 

Figure 10. - Critical-speed diagram of vibration in design D turbine  blade. 
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111 

Q 

Turbine speed, r p m  

(b) Position 2 (1-in. spacing). 
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Figure 10. - Continu-&. Critical-speed diagram of vibration i n  design D 
turbine blade. 
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Turbine speed, r p m  

( c )  Position 3 (3/4-in. spacing). 

Figme 10. - Concluded. Crftical-speed diagram of vibration i n  design D 
turbine blade. 
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